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INTRODUCTION 


Pasture rotation has long been one of the measures recommended 
for the control of roundworm parasites of sheep and other ruminants. 
This method of control must be based on a knowledge of the length 
of time that pasture previously occupied by parasitized ruminants 
should be rested before susceptible animals can be grazed on it with- 
out danger of acquiring nematode parasites. ‘To obtain this knowl- 
edge, the period of survival of the free-living stages of these nematodes 
must be known. 

Studies that have been made on the free-living stages of the common 
stomach worm, Haemonchus contortus, an important and widespread 
parasite of sheep and other ruminants, are of two major groups, 
namely, (1) those concerned with the effects of various environmental 
factors on the eggs and larvae under laboratory and field conditions 
and (2) those having to do with the survival of infective larvae on 
pastures. 


REVIEW OF LITERATURE 


Ransom (7)? found that “the eggs and newly hatched embryos 
possess little powers of resistance, and many die if subjected to 
freezing or drying,’’ whereas infective larvae exposed outdoors in 
feces during the winter survived repeated freezing and thawing for 
12 weeks and were also resistant to drying for 35 days. 

Veglia (9) reported the results of both laboratory and field experi- 
ments on the survival of the eggs and larvae of Haemonchus contortus. 
This author found that under laboratory conditions temperatures 
between 68° and 95° F. favored the development of eggs in cultures, 
whereas at 46° only 30 percent of the eggs had reached the second 
larval stage after 21 days, and at 32° all the eggs were killed after 
48 hours. Exposure of the eggs to 32° or 39° for 24 hours, followed 
by a return to 75°, killed many of them. Temperatures above 95° 
became increasingly unfavorable to the development of the eggs, 
but infective larvae resisted temperatures of 122° for about 2 hours, 
108° for a maximum of a month, and 32° for 6 to 7 months. Drying 
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prevented the development of eggs and larvae and killed infective 
larvae within a few days under laboratory conditions. However, eggs 
containing embryos resisted drying in air better than did eggs in the 
early stages of development. Although moisture was necessary for 
the development of eggs and larvae in cultures, an excess of moisture 
inhibited their development. Infective larvae, however, survived 
well in water. 

The effects of sunlight and moisture on the survival of eggs and 
larvae outdoors were also studied by Veglia. Some of the experiments 
were conducted under artificial conditions; for example, cultures of 
feces were kept under a glass jar or were watered at regular intervals 
to reduce drying. From the results of these experiments the following 
inferences were made. Constantly warm and moist or cloudy 
weather was favorable to the development of a majority of the eggs, 
but constantly warm, dry weather, such as occurred during periods 
of drought, was unfavorable. Constantly dry, cold weather, expecially 
if the temperature fell to freezing or below for long uninterrupted 
periods, killed both eggs and larvae. No definite information was 
available on the effect of variable weather. A high percentage of 
eggs and freshly hatched larvae were killed if the first 2 days after 
their deposition on soi! were dry and warm, or even when the first 
day was cloudy, provided the soil was also dry. On the other hand, 
if the feces were dropped after a heavy rain, numerous eggs survived, 
especially in grass, even if the first day was sunny and warm. The 
nature of the pasture and that of the soil itself were factors to be 
considered. Most of the eggs passed by infected animals failed to 
reach maturity. 

The results of Veglia’s experiments were frequently described in 
general terms, such as ‘‘few larvae survived.” In other instances the 
percentages of eggs or larvae surviving or dead were given without 
the initial or final numbers involved, so that it is difficult to determine 
whether a sufficiently large number of eggs or larvae was used on 
which to base conclusions. 

Guberlet (4) found larvae of H. contortus alive after 4 to 5 months 
in soil and feces cultures. He also found 30 larvae in a pool of water 
in an infected pasture but gave no further details. 

Moénnig (6) found that the preinfective stages of H. contortus 
were not resistant to drying, but infective larvae when air-dried 
indoors survived for a maximum of 4% months and when exposed to 
the sun in a mixture of mud and water they survived about 2% months. 
Outdoors, the infective larvae survived for as long as 9% months on 
grass and clay soil artificially kept moist from below and sheltered 
from direct sunlight, but survived less than 11 weeks when exposed 
on black clay soil and grass to dry summer conditions in the Union 
of South Africa. Data on temperature, humidity, and number of 
larvae initially used or recovered were not given. 

Bozevich (1) noted that some larvae exposed on soil to natural 
weather conditions were alive after7 months. Eggsrefrigerated indoors 
at —2.2° C. (28° F.) in soil cultures were killed in 6 to 8 hours, depend- 
ing on the soil type. First-stage larvae in similar cultures were dead 
after 28 hours, whereas second-stage larvae were dead after a week 
at 0° C. (32° F.). 

Fallis (3) found that all eggs of H. contortus died after exposure 
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to —10° C. (14° F.) for 3 to 6 days, whereas the controls, incubated 
at room temperatures, hatched. 

Taylor (8) made observations on the lengevity of various strongy- 
loid larvae from sheep, rabbits, and horses, the larvae having been 
placed on grass grown in boxes and kept in an open field. He found 
that the majority of the larvae recovered from the grass died within 
the first few weeks of exposure and that only a small proportion re- 
mained alive for more than 63 days. Since his experiment with sheep 
parasites dealt with an unspecified mixture of trichostrongylid larvae, 
it is not possible to utilize his results in attempts to control any 
particular species. 

Kauzal (8), in a brief progress report on work done in Australia, 
stated that very short periods of desiccation in sunlight were fatal 
to eggs of both H. contortus and Trichostrongylus spp., and that some 
days of continuous rainy or cloudy weather were necessary for the 
development of a high proportion of larvae of either species. He also 
reported that the survival period of infective larvae, when exposed to 
desiccation, is less than previously supposed, and that a rest of 1 to 2 
months during periods of continuously dry weather may serve to free 
a pasture completely of larvae of H. contortus. 

From the foregoing survey of the literature it is apparent that 
previous work on the development and survival of eggs and larvae of 
H. cortortus under laboratory or field conditions has been concerned 
mainly with the discovery of the maximum period of survival under 
various conditions and, with the exception of Veglia’s work, these 
studies have been primarily qualitative. A quantitative study of the 
rates of development and survival of the various free-living stages 
under the influence of natural weather conditions is described in the 
present paper. This work was carried on at the United States Depart- 
ment of Agriculture, Beltsville Research Center, Beltsville, Md. 


MATERIALS AND METHODS 


Experimental infections with Haemonchus contortus were maintained 
continuously in young rams that had been raised free of nematodes, 
except for occasional infections with Strongyloides papillosus. These 
rams were kept indoors in concrete-floored pens that were cleaned 
daily. Their feces were collected in cloth bags, held firmly against 
the hindquarters of the sheep by a cloth harness. Each bag was 
emptied daily into a pail used exclusively for a particular sheep. 

For use in an experiment, the pellets passed during the previous 
24-hour period were finely ground in a mortar. The entire mass was 
then thoroughly stirred, and sixteen 50-gm. samples were weighed out. 
Twelve samples were exposed outdoors as described below and the 
remaining four samples were used as controls. The control samples 
were put into separate, covered pint jars and kept at room temperature 
in a dark closet. A modified Stoll dilution egg count was also made. 

The experiments, totaling 30, were performed from August 16, 1939, 
to October 29, 1940. The first six experiments were begun from 5 days 
to 2 weeks apart, but after the sixth, they were begun 2 weeks apart 
except for a gap between experiments 28 and 29. Each experiment 
was made as follows: 

A sandy loam was treated with steam in a closed box to kill any 
free-living or parasitic nematodes that might be present. Samples of 
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this heated soil showed no nematodes when examined. Twelve 
unglazed flowerpots, about 8' inches high and 8 inches in diameter at 
the top, were filled with the soil to within 11; inches of the top and were 
then planted with seeds of Italian ryegrass (Lolium multiflorum) at the 
rate of about 1.7 gm. to each pot. This grass was raised either in the 
laboratory or outdoors, depending on the season, to a height of about 
3 to 4 inches. The pots were then buried in the ground so that the 
soil inside and that outside the pots were at about the same level, 
leaving a rim of about 1% inches to prevent the feces, eggs, and larvae 
from washing away. The pots were placed in groups of four in three 
different locations—full sunlight, partial sun and shade, and full shade. 
In order to maintain these exposures, the pots were moved to various 
locations during the year as the sunlight and shade shifted. Those 
pots exposed to partial sun and shade received sunlight until about 
noon and shade in the afternoon. After a week in these positions, to 
permit the soil moisture and temperature to approach those of the 
surrounding soil, the pots were infected with the twelve 50-gm, 
samples of feces, which were evenly distributed over the surface of the 
pots at the base of the grass. 

After a given period of exposure outdoors, a pot from each of the 
three locations was taken into the laboratory and examined to obtain 
information on the survival of the eggs and larvae. The grass was 
clipped as close to the soil as possible, placed in a beaker, and left 
covered with water for 24 hours, after which the washings were ex- 
amined for the presence of larvae. The feces and the surface layer of 
soil were scraped up, weighed, and a maximum of 100 gm. was put 
into the Baermann apparatus. To obtain better sampling of the soil 
in the pot successive 1-inch layers of soil were removed, weighed, 
stirred, and a 100-gm. sample from each layer was put into the 
Baermann apparatus. At least the top 3 inches of soil and in most 
cases the entire contents of the pot were thus sampled. 

The specifications and use of the Baermann apparatus employed in 
the present experiments have already been given by the writer (2). 
After 48 hours, samples of about 50 to 60 cc. were drawn from the 
apparatus and examined. When few larvae were present in the 
sample, all were counted; otherwise they were counted by a combina- 
tion of subsampling and dilution maton Since previous experi- 
ments indicated that few dead larvae would pass through the Baer- 
mann apparatus and be found in the 50- to 60-cc. sample, the dead 
larvae found in the Baermann samples were considered to have died 
after going through the apparatus and were added to the number of 
live larvae found at the time of examination. In most experiments, 
the live larvae outnumbered the dead ones. For comparison, only the 
live larvae in the control cultures were counted. 

One of the four cultures raised as controls in the laboratory was 
examined at each interval by a combination of dilution and sub- 
sampling methods. The feces and the larvae on the walls and cover 
of the culture jar were washed into a calibrated beaker and diluted 
to a known volume of feces and water. After this mixture had stood 
for several minutes to permit the dried larvae to revive, it was stirred 
vigorously and a subsample was taken from it. At least three, and in 
most cases four, subsamples were taken from each suspension. From 
the number of larvae in these subsamples the total in 50 gm. of feces 
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was calculated, and the average of the four controls was then used for 
comparison with the total number recovered from the pots after 
exposure outdoors. 

The presence of viable but still unhatched eggs after a given period 
of exposure was determined by salt flotations on samples of feces taken 
from each pot at the time of collection. Moving tadpole or embryo 
stages within the eggs were the test signs of viability. In addition to 
these examinations, the hatchability of eggs after exposure late in the 
fall, in the winter, and early in the spring was determined. In the 
ninth to twenty-first experiments, 5-gm. samples of feces were taken 
from each pot after exposure and cultured in the laboratory in Syracuse 
watch glasses resting in a covered water trap. After an interval of at 
least a week, the contents of the watch glass and water trap were 
examined for live larvae. 

Air temperatures were measured with a U-type combination maxi- 
mum-minimum thermometer hung 4 feet above the ground on the 
north side of a tree trunk. It was read each morning, except on 
Sundays and holidays, and reset. Measurements of the temperature 
immediately under the surface of the soil exposed to full sunlight 
or full shade near the pots were begun in June 1940. Rainfall data 
were obtained from a station ssabled at the Beltsville Research Center 
about 1.3 miles from where the experiments were conducted. The 
gage at this station was read about 9 o’clock each morning. 


SURVIVAL OF THE EGGS 


VIABILITY OF EGGS AS DETERMINED BY SALT FLOTATIONS 


Of the samples from 360 pots examined by the salt flotation method, 
44, or 12 percent, in 13 experiments contained viable eggs. These 
positive experiments were subdivided into 2 groups according to 
whether they were exposed, during the first period, to mean maximum 
temperatures above or below 70° F. The low-temperature group 
included experiments 9, 10, 12, 17, 19, 20, 21, and 30; the high-tem 
perature group, experiments 3, 4, 6, 25, and 28. Further details of 
these experiments are given in table 3. The results of the salt-flotation 
examinations are given in table 1, which indicates that unhatched eggs 
do not remain viable outdoors for more than 13 to 20 days. Within 
this interval of 20 days, maximum temperatures below 70° favor the 
longer persistence of viability of eggs than temperatures above 70°. 


TABLE 1.—Viability of eggs of Haemonchus contortus after outdoor exposure as shown 
by thetr recovery in salt flotations 





Pots containing viable eggs : 

after exposure to mean maxi- oe 

Period of exposure (days) see mum temperature— oon num- 
er eX- 


Below 70° F, | Above 70° F. amined 








Number Number Number Percent 
66 14 39. 


17.2 
2.3 
0 
0 
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HATCHING OF EGGS IN LABORATORY CULTURES AFTER OUTDOOR EXPOSURE 


Of a total of 150 laboratory cultures in 13 experiments (Nos. 9 to 21), 
after outdoor exposure 18 cultures from 6 experiments contained some 
live larvae. In these 6 experiments the mean maximum air tempera- 
tures ranged from 39° to 70° F. during the first 13 days of outdoor 
exposure. The results of the 18 positive cultures are given in table 2; 
further details of the experiments, in table 3. 

In table 2, the total number of eggs in each pot that could hatch into 
larvae was computed from the number of larvae hatching in the cul- 
ture from that pot and added to those for the other two pots to obtain 
the total number of eggs surviving a given outdoor exposure in an 
experiment. For comparison with the controls, this total was divided 
by three times the number of larvae found in parallel control cultures 
as given in table 3. 

The data in table 2 show that eggs do not hatch after exposure to 
mean maximum temperatures below 70° for more than 6 days. 
Furthermore, of the 13 experiments that were made, the proportion of 
eggs that hatched after outdoor exposures of 3 or 6 days, by comparison 
with the number that hatched in the controls, was very low in 6 ex- 
periments and negative in 7. 


TaBLE 2.—Effect of previous outdoor exposure on hatching of Haemonchus contortus 
eggs in 6 experiments 





Eggs hatching in laboratory cultures, compared with those 
Larvae in in controls, after exposure of— 
Experiment No. | control 
cultures | 
| 
| 





3 days | 6 days | 13 days | 20 days | 27 days 





| Number | Percent Percent | Percent | Percent Percent 
242, 250 | Ef 0 | 





DEVELOPMENT OF LARVAE 


The effect of outdoor exposure in various locations on the develop- 
ment of the eggs, as determined by the percentages of larvae recovered 
from the pots, is shown in table 3. The larvae recovered after 3 or 6 
days’ exposure were mostly preinfective, whereas those exposed for 
longer periods were mostly infective. 

The total rainfall for the several periods of exposure was calculated 
by somewhat different methods. Since Veglia (9) concluded that the 
soil moisture as well as the weather during the early days of exposure 
affected the survival and development of the eggs, some method of 
taking this first factor into account was necessary. As no means of 
measuring soil moisture directly was available, the amount of rain- 
fall on the pots during the 7-day outdoor conditioning period was 
taken as a rough but practical indicator of the soil moisture at the time 
of exposure of the eggs. This 7-day total was added to that for the 
first 3-day period of exposure to obtain the rainfall data pertinent to 
the 3-day period. The total rainfall during the subsequent exposure 
period and in the initial 6-day exposures of winter experiments 11 to 
18 was found from the amount that fell from the end of the previous 
period to the end of the period in question. 





Dee. 1, 1944 Development and Survival of Stomach Worm 427 





RE TaBLE 3.—Percentage of Haemonchus contortus larvae recovered after outdoor 

21) exposure of the experimental pots in various locations 
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TABLE 3.—Percentage of Haemonchus contortus larvae recovered after outdcor 
exposure of the experimental pets in various locations—Continued 


MAXIMUM TEMPERATURES OF 66° TO 84° F. IN FIRST EXPOSURE PERIOD—Con. 


| 


| 

| 

Dateof = | 

infection 
of soil 


Experiment 
No. 


| Period of | 
| exposure 


| Mean 
maxi- 

| mum air 
| tempera- 
ture 


| 


Total 
| rainfall 


Average | 
larvae in | 
each of 4 
controls 


Proportion of larvae recov- 
ered after exposure in— 





| Partial | 
Shade | sun and 
shade 





| 
| 
“a 


. 11, 1940 | 
9, 1940 | 
8, 1940 | 
| 

Sept. 13, 1939 | 


| 
| 
.-| Sept. 25, 1940 | 


Sept. 27, 1939 


July 3, 1940 | 
| 


8, 1939 | 


| 


Sept. 





Days 


SoawSrawSSawsS 


Number 








360, 500 
194, 400 


62, 850 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


483, 900 | 
| 


238, 750 | 


| 
355, 450 | 


MAXIMUM TEMPERATURES OF 86° TO 93° F. IN FIRST 


July 17, 1940 | 


| 


June 5, 1940 | 


July 31, 1940 


Aug. 16, 1939 





a. 


1 Mean of maximum air temperatures in shade during entire indicated period of exposure. 
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2 For method of computing, see text. 
3 Based on average number of larvae in control cultures. 
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4 No larvae recovered from pots exposed 27 days; record omitted. 


To facilitate the study of the data in table 3, they are summarized 
in table 4. The average percentage of recovery was computed by 
dividing the total of all larvae recovered in a given temperature and 
rainfall group, exposed for the same period and in the same location, 
by the total number of larvae in the corresponding controls. 
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TaBLE 4.—Summary of table 3, showing effect of temperature and rainfall during 
the early exposure period on the development of larvae 





| 
| Larvae recovered after exposure of experimental pots 
to mean maximum temperature and rainfall of — 





P Period of | 26° to 65° . 86° to 93° 
Location of pots é Fl 66° to 84° F, F. 


exposure 





0 to 3.02 : 0.12 to 0.72 loss to 2.99)0.26 to 1.57 
| inches inch inches inches 





Percent Percent 
. 001 0.003 32.0 





8 
o 





=" 


3.0 
-3 


.08 
. 003 











-_— 
oeenhaSBEn 
coococococeoo 








Me 
| 


Number of experiments in group __- ccetiee 13 | 4 | 5 | 4 
Total number of larvae in controls for group. | 508,500 | 661,500 | 1,317, 500 | 885, 700 
\ | | 








1 The pots in experiments 11 to 18, inclusive, were first examined after a 6-day exposure. 


Of 13 experiments in which pots were exposed to mean maximum 
temperatures, during the first exposure period, of less than 65°, only 
3 yielded a total of 30 preinfective larvae after 3 days and 1 prein- 
fective larva after 6 days. No larvae were recovered after longer 
exposures. The amount of rainfall varied widely, with no apparent 
effect on development of the larvae. 

The 13 experiments in which the pots were exposed to initial maxi- 
mum temperatures of 66° to 84° fall into 3 rainfall subdivisions. 
In the first subdivision, with no rainfall, are 4 experiments in which 
the numbers and proportions of larvae recovered after all exposures 
were very low. 

In the second rainfall subdivision, containing 5 experiments, the 
percentages recovered were generally higher than those in the first. 
Although these percentages were variable, there was no consistent 
increase in recoveries with increasing rainfall in individual experiments. 
On the other hand, the degree of exposure to sunlight seemed to affect 
the recoveries, for the pots exposed to full sunlight yielded lower 
percentages than those exposed either to full shade or partial sun and 
shade. After exposure for 6 days there was a sharp drop in the per- 
centages recovered, except in experiment 30, which had a higher 
recovery at 6 days than at 3 days. The recoveries of infective larvae 
after 13- and 20-day exposures were below 1 percent of the controls, 
except for 1 pot. 

In the third and highest rainfall subdivision are four experiments 
which as a group had the highest percentage of both preinfective and 
infective larvae developing outdoors. Lower percentages were 
recovered from pots exposed in the sun than from the other two loca- 
tions, from which recoveries were generally in rather close agreement. 
The comparatively high average for the 20-day period of exposure in 

618628—4——2 : 
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partial shade was due to the results obtained in experiment 3. The 
recoveries from experiment 25, much lower than those from the others, 
cannot be explained on the basis of either temperature or rainfall. 

In the high-temperature group, containing four experiments, the 
recoveries after exposure in partial shade were much lower than those 
in the middle range of temperatures with some accompanying rainfall, 
and there was an almost complete absence of larvae in the pots exposed 
to the sun. An estimate of the temperatures just under the surface 
of bare soil exposed to the sun during various seasons is provided by 
the measurements, begun with experiment 25, shown in table 5. The 
corresponding temperatures taken immediately under the bare soil 
in the shade approximated closely those in the air in the shade. 


TABLE 5.—Means of maximum temperatures taken immediately under the surface 
of bare soil in full sunlight and in the air in the shade 





| | | | 
ok | x - 
— |Tempera- | (7 yng Tempera- 
S | es 
taken in tures F taken in tures 
Period +) | taken in | Period +) | taken in 
the soil ra the soil na 
i the air in ee the air in 
exposed | the shade | exposed | the shade 
to the sun ; to the sun 
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oe BSS ™ 
CHwRooo 


|| January 
nS 


SI om Coy 


I 
eSBSss: 
Ame ooco 


























! Temperatures for June 26 to 30 only. 


As previously stated, Veglia (9) found that temperatures above 95° 
F. become increasingly unfavorable to the development of eggs and 
that infective larvae resist temperatures of 122° for only 2 hours. 
Although the pots had a cover of ryegrass, the high temperatures 
undoubtedly were at least partly responsible for the faster scorching 
of the grass and the faster drying of the soil and feces observed in the 
pots exposed in the sun during the hot summer periods and for the 
resultant low recoveries of larvae from these pots. 


DISCUSSION 


Before applying the results of the above experiments, it is necessary 
to determine how closely the field conditons are indicated by the 
present measurements of weather factors and of their effect on the 
preparasitic stages of Haemonchus contortus. 

he maximum air temperatures taken in the shade, used through- 
out the present experiments, approximate closely those taken im- 
mediately below the surface of the soil in the shade but are lower than 
the soil temperatures in the sun. In addition to this varying exposure 
to the sun at different seasons, the difference between air tempera- 
tures and those on or near the surface of the soil may be affected by 
the situation and slope of the land, the soil type, and the amount and 
density of plant cover. In view of these considerations, maximum 
air temperatures in the shade indicate best the soil-surface tempera- 
tures in continuous shade but underestimate those in the sun, where 
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higher temperatures might favor more rapid development of the eggs 
in cool weather or destruction in warm weather. 

Since the moisture content of the environment of the eggs and 
larvae could not be measured directly, the amount of rainfall was 
taken as a measure of the water available for keeping the eggs and 
larvae moist in their environment. It is recognized that many 
variable processes and factors may intervene between a given rain 
and its appearance as moisture in the environment, but for the present, 
rainfall is taken as an over-all, rough, but practical measure of this 
factor. As in the case of temperature, local differences in moisture 
content among pots in different situations may be created by differ- 
ences in exposure to sun or shade. In addition, differences in rain- 
fall between the site of the experiments and the site of the rain gage, 
while suspected, could not be measured. However, with all these 
shortcomings, the present methods of measurement of weather factors 
have the merit of being easily made under field conditions. 

The effect of these weather factors on the eggs and larvae was 
measured mainly by comparing the number of larvae recovered after 
outdoor exposure with those developing in the controls. Since the 
larvae exposed outdoors were recovered in part by means of the 
Baermann apparatus and then counted, whereas those in the controls 
were counted directly in water suspension, the comparability of the 
results of these two methods must be checked. 

A study of the effectiveness of the Baermann apparatus in the 
recovery of infective larvae of H. contortus by the writer (2) shows 
that both the number of larvae put into the apparatus and the type 
of substrate through which they must pass, affect the efficiency of 
recovery. For example, with a substrate of 100 gm. of the same 
sandy loam and the same Baermann apparatus used in the present 
experiments, it was found that an average of 11 percent. was recovered 
when 150 to 420 larvae were put into the apparatus, and 33 percent 
when 600 to 95,400 larvae were used. With a substrate of 100 gm. 
of ground sheep feces, these recoveries were 5 and 11 percent, respec- 
tively. In addition, the apparatus was shown to perform incon- 
sistently from one experiment to another. 

Because of these losses, the number of larvae recovered with the 
apparatus in the above experiments is not directly comparable with 
the number in the controls. Correction factors based on the effi- 
ciency experiments cannot be applied to the present recoveries with 
the apparatus because these factors are based on recoveries through 
homogeneous substrates of soil or feces, whereas in the present experi- 
ments 88 percent of all larvae recovered came from the surface layer, 
which was a variable mixture of soil and feces. However, it is safe 
to say that the total number of larvae surviving outdoor exposure is 
higher than the number recovered, especially when the recoveries are 
low. Consequently the percentages of controls recovered, with which 
the present paper deals, give a minimum estimate of the proportions 
of larvae surviving outdoor exposure. 

The data on the effect of the early weather conditions on the 
development and survival of the eggs and larvae of H. contortus show 
that temperature and rainfall exchange places as limiting factors in 
the development of the eggs at maximum temperatures of about 65° F. 
When the mean maximum temperature in the shade of the first ex- 
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posure period is below 65°, few if any eggs hatch no matter how much 
rain falls, and no infective larvae are recovered after 20 days out- 
doors. With mean maximum temperatures between 66° and 84°, 
the development of the eggs into larvae and the survival of the larvae 
increase with increasing amounts of rainfall during the 7 days before 
and 3 days after exposure of the eggs. With temperatures above 86°, 
a range of 0.26 to 1.57 inches of rainfall is accompanied by a moderate 
degree of survival only in exposures to shade. 

The amount of exposure to the sun, when the mean maximum 
temperatures range above 65°, also affects the degree of development 
and survival. The lowest recoveries were obtained from the pots 
exposed in full sunlight. About the same recoveries were obtained 
from the pots exposed in partial shade as from those exposed in full 
shade in the middle temperature range. However, in the high temper- 
ature range, the recoveries from the pots in partial shade were con- 
sistently far lower than those from the pots in full shade, possibly 
as a result of higher soil temperatures. 

Of these two Limiting factors, temperature is more reliable than 
rainfall for the designation of definite periods of the year as unfavor- 
able for the development of the eggs of H. contortus, since seasonal 
trends are more stable and predictable for temperature than for rain- 
fall conditions, in a temperate climate. Further, if the maximum air 
temperatures are constantly below 65° F., no development of eggs 
will occur regardless of the amount of rainfall. On the other hand, 
above 65° only consistently dry periods can be used to designate 
intervals unfavorable for development. 


SUMMARY AND CONCLUSIONS 


Development of the eggs and survival of the infective larvae of 
Haemonchus contortus under the influence of natural weather condi- 
tions were studied by exposing feces containing eggs of this nematode 
outdoors in flowerpots under a cover of ryegrass. Twelve pots, 
examined in groups of 3 at 4 intervals up to 27 days, comprised 1 
experiment. The experiments, totaling 30, were conducted from 
August 1939 to October 1940 at the United States Department of 
Agriculture, Beltsville Research Center, Beltsville, Md. The follow- 
ing conclusions are based mainly on a comparison of the number of 
larvae recovered after exposure outdoors with the number developed 
in laboratory controls and on the relationship of this ratio with the 
accompanying outdoor air-shade temperature and rainfall data. 

When eggs of H. contortus were exposed outdoors for 3 days or more 
to mean maximum temperatures below 65° F., few preinfective larvae— 
those recovered after 3 or 6 days’ exposure—and no infective larvae— 
those recovered after 13 or more days—were found during the experi- 
ments, regardless of the amount of rainfall. 

With mean maximum temperatures between 66° and 84° during the 
first 3 days, the amount of rainfall in the week preceding and the 3 
days following exposure of the eggs considerably affected the degree 
of their development. After 13 to 20 days outdoors, with no rainfall, 
infective larvae recovered, based on the number of controls, at no 
time exceeded an average of 0.01 percent; with 0.12 to 0.72 inch 
and 0.88 to 2.09 inches of rainfall, the highest averages were 0.5 and 
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21 percent, respectively. Higher percentages of preinfective larvae 
were recovered. 


With mean maximum temperatures between 86° and 93° and 0.26 


to 1.57 inches of rainfall, the highest recovery of infective larvae was 
8 percent, after 13 days. 


Exposure to full cals resulted in lower yields of larvae than 
exposure to full shade or partial shade. In the middle temperature 
range, recoveries from exposure to full and partial shade were about 
the same. In the upper temperature range recoveries from the former 
were consistently higher than from the latter. 


Recoveries from the pots provide only a minimum estimate of the 


number of larvae surviving outdoor exposure because of the losses in 
the Baermann apparatus. 


Eggs do not survive exposure to mean maximum temperatures 
below 70° for more than 6 to 13 days, as shown by cultures, or for more 
than 13 to 20 days, as shown by salt flotations. Above 70°, salt 


flotations indicate that eggs do not survive more than 6 to 13 ’ days 
outdoors. 


In designating large periods of the year as unfavorable for the 
survival and development of the eggs of H. contortus, temperature is 
a more reliable weather factor than rainfall. 


LITERATURE CITED 
(1) Bozervicn, J. 
1930. PRELIMINARY REPORT ON THE VIABILITY OF HAEMONCHUS CON- 
TORTUS LARVAE ON SOIL EXPOSED TO WEATHER. Helminthol. 
Soe. Wash. Proc. 128; Jour. Parasitol. 17: 53-54. 
DinaBure, A. G. 
1942. THE EFFICIENCY OF THE BAERMANN APPARATUS IN THE RECOVERY 
OF LARVAE OF HAEMONCHUS coNnTORTUS. Jour. Parasitol. 
28: 433-440, illus. 
Fauuis, A. M. 
1938. A sige OF THE HELMINTH PARASITES OF LAMBS IN ONTARIO. 
~~ Canad. Inst. Trans. 22 (1): 81-128, illus. 
GUBERLET, J. 
1921. STOMACH WORMS IN SHEEP. Okla. Agr. Expt. Sta. Bul. 137, 
16 pp., illus. 
Kauzat., G. 

1936. OBSERVATIONS ON VIABILITY AND RESISTANCE TO DESICCATION OF 
EGGS AND LARVAE OF HAEMONCHUS CONTORTUS AND TRICHO- 
STRONGYLUS spp. Austral. Council Sci. and Indus. Res., 
Ann. Rpt. 10: 33. 

Monnie, H. O. 

1930. STUDIES ON THE BIONOMICS OF THE FREE LIVING STAGES OF TRICHO- 
STRONGYLUS SPP. AND OTHER PARASITIC NEMATODES. Union So. 
Africa Dept. Agr. Rpt. Dir. Vet. Serv. and Anim. Indus. 
16: 175-198. 

Ransom, B. H. 

1906. THE LIFE HISTORY OF THE TWISTED WIREWORM (HAEMONCHUS 
CONTORTUS) OF SHEEP AND OTHER RUMINANTS. U. S. Dept. 
Agr., Bur. Anim. Indus. Cir. 93, 7 pp., illus. 

Taytor, E. L. 

1938. OBSERVATIONS ON THE BIONOMICS OF STRONGYLOID LARVAE IN 
PASTURES: I.—THE DURATION OF THE INFECTION IN PASTURE 
HERBAGE. Vet. Rec. 50: 1265-1272, illus. 

VEGLIA, F. 
1916. THE ANATOMY AND LIFE HISTORY OF THE HAEMONCHUS CONTORTUS 


(rRuD.) Union So. Africa Dept. Agr. Rpt. Dir. Vet. Res. 3 and 
4: 347-500. 





HN Nec a Sa Se re Rey ata cate ca pa a pe Ree ee ee Oe ey eee ee | Ee a er Oe i Oe Bek ke | 





MEIOTIC STUDIES OF CROSSES BETWEEN FRAGARIA 
OVALIS AND X F. ANANASSA! 


By LeRoy Powers 


Formerly senior geneticist, ? Division of Fruit and Vegetable Crops and Diseases 
Bureau of Plant Industry, Soils, and Agricultural Engineering, Agricultura 
Research Administration, United States Department of Agriculture 


INTRODUCTION 


The value of the native Rocky Mountain strawberry (Fragaria 
ovalis (Lehm.) Rydb.) for hybridizing with cultivated varieties (x F. 
ananassa Duch.) to develop new varieties having greater winter hardi- 
ness has long been recognized (2, 8, 10).3 However, the karyological 
investigations of Longley (17), East (4, 5), Mangelsdorf and East (18), 
Kihara (13), Yarnell (29, 30), Ichijima (11), Fedorova (6), Lilienfeld 
(15, 16), Kuz’min (14), Rozanova (25), and Dogadkina (3) show the 
importance of meiotic studies as an aid to any breeding program 
involving wide crosses between polyploid species and forms within the 
genus Fragaria. The researches of these investigators emphasize 
particularly the part that asynapsis, conjugation of more than two 
chromosomes to form multivalents during meiosis, and type of chromo- 
some conjugation (autosyndesis, allosyndesis, or a combination of the 
two) may play in the breeding of improved varieties. 

The importance of asynapsis and of the conjugation of more than 
two chromosomes to form multivalents during meiosis lies in the effect 
that they have upon fruitfulness. By adversely affecting fruitfulness 
asynapsis of the chromosomes during meiosis, if of frequent occur- 
rence, may be one of the major factors contributing to the failure of a 
breeding program. Likewise, if homology exists between different 
genoms coming from the same polyploid species, as well as’ between 
genoms coming from different polyploid species, conjugation of more 
than two chromosomes to form multivalents might be of frequent 
occurrence. If such were the case, one would expect fruitfulness to 
be reduced materially, possibly to the extent that the accomplishment 
of the objectives of the breeding program would be threatened. 

Turning to the type of conjugation of the chromosomes, if auto- 
syndesis (the pairing, in a polyploid, of chromosomes derived from 
the same parent) was occurring, then variation in the F, population 
would be limited largely to that taking place within the F, hybrid, 
and the chances for recombining any of the desirable characters of 
both parents into a single segregate would be decidedly reduced. On 
the other hand, allosyndesis (pairing in a polyploid of chromosomes 
derived from opposite parents) would allow for the maximum segre- 
gation of the genes differentiating the interspecific characters. A 
combination of autosyndesis and allosyndesis would result in an 


1 Received for publication May 11, 1943. 
2 Now principal geneticist, Special Guayule Research Project, U. 8. Department of Agriculture. 
3 Italic numbers in parentheses refer to Literature Cited, p. 447. 
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intermediate condition as regards the possibilities for maximum 
segregation of these same genes. Consequently, information concern- 
ing the type of conjugation of the chromosomes during meiosis of the 
F, hybrids would be of considerable value in planning and conducting 
a breeding program. 

The objectives of the studies herein reported were (1) to determine 
whether asynapsis and the association of more than two chromosomes 
to form multivalents during meiosis occur frequently enough to affect 
a breeding program adversely and (2) to ascertain the type of conju- 
gation that occurs during meiosis of the F, plants. 


REVIEW OF LITERATURE 


With the exception of a few varieties produced by Georgeson (8), 
the cultivated strawberries have descended from crosses involving 
Fragaria virginiana and F. chiloensis, both of which are octoploids. 
The basic number of chromosomes in Fragaria is seven; hence, the 
chromosomes of the cultivated strawberry are comprised of four 
genoms each having seven pairs of chromosomes. The best available 
information as to the relation between these four sets of chromosomes 
and between the chromosomes of different species is that obtained 
from the genetic and karyological investigations of crosses between 
species of fi ifferent chromosome numbers and, to a more limited extent, 


between species of the same chromosome number. 

The investigations of Longley (17), East (4, 5), Mangelsdorf and 
East (18), Kihara (13), and Yarnell (29, 30) showed that at least some 
chromosomes of the four genoms of seven pairs of chromosomes are 
homologous. Yarnell (29, 30), from cytological and genetic studies, 


came to the conclusion that the four sets of chromosomes of the octo- 
ploid had a common origin and that corresponding chromosomes of 
each set Were originally homologous. After examining microsporo- 
cytes from diploid-tetraploid and diploid-octoploid crosses, Yarnell 
reported not only pairing between chromosomes from both parents 
but also autosyndesis among the remaining genoms of the tetraploid 
parent and the remaining sets of the octoploid parent. He found 
that in many cases the counts at first metaphase indicated complete 
pairing, involving the nonhomologous chromosomes of the extra 
enom, and, in addition, he found secondary association taking place 
etween disomes. 

The findings of Ichijima (11), Fedorova (6), Lilienfeld (15, 16), 
Kuz’min (14), Rozanova (25), and Dogadkina (3) in regard to the 
homologous relations between the chromosomes of the octoploid forms 
are es gee te by the following statement from Rozanova (25): 

. it may be deduced that the evolution of species of Fragaria has proceeded in 
the direction of autopolyploidy or close allopolyploidy. From this it follows 
that the hypothesis as to the origin of cultivated varieties from a cross between 
F. virginiana and F., chiloensis needs supplementing to the extent of stating that 


F, virginiana and F. chiloensis are also probably autopolyploids or close allopoly- 
ploids with homologous genoms. 


From the above investigations it is evident that the haploid chromo- 
some complement of the octoploid forms of Fragaria may be symbol- 


ized as follows: 
F. ovalis—Ao,, Ao., Ao3, Ao, 
F. chiloensis—Ach,, Achz, Ach3, Ach, 


eer ct hed 


Qt oO rd 
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F. virginiana—Ar,, Ar2, Av;, Ar 
x F. ananassa—Acv,, Acr2, Acv;, Acv, 


These formulas are closely patterned after those given by Rozanova 
(25). The A is used to show that all the chromosomes of one species 
are homologous with the chromosomes of any other and that a cer- 
tain amount of homology exists between genoms within a species. 
Acv indicates that the genoms of * F. ananassa through hybridiza- 
tion descended from those of F. chiloensis and F. virginiana. 

From the studies of the various workers cited, it can be seen that 
there are a number of possibilities as regards chromosome behavior 
during meiosis in the F, hybrids between Fragaria ovalis and X F. 
ananassa. Asynapsis may or may not be of frequent occurrence. 
Associations of more than two chromosomes to form multivalents 
may be the rule, or such associations may occur occasionally or only 
very infrequently. Finally, the four genoms from F. ovalis may pair 
during meiosis with the four genoms from the cultivated varieties 
(allosyndesis); two genoms from F. ovalis may pair with two other 
genoms from that species and hence two genoms of X F’. ananassa with 
two other genoms of that species (autosyndesis); and both allosyn- 
desis and autosyndesis may occur either at random or in dispropor- 
tionate frequencies. 


EXPERIMENTAL MATERIAL AND DESIGN 


The parents and F, hybrids were used in the studies. The design 
of the experiment was that of a randomized complete block and the 
variates were as follows: 

Group I (collections of Fragaria ovalis): A, 37501; &, 361477; C, 36979. 

Group II (F, hybrids): A, Dorsett X 37501; B, Gem X 361477; C, Fairfax 

X 36979. 

Group III (varieties of X I’. ananassa): A, Dorsett; B, Gem; C, Fairfax. 
Each group hereafter will be called a species containing three variates. 
Although group II cannot strictly be classed as a species, it is clear 
that any differences between this group and either of the other groups 
must be due to genetic differences between groups I and III. Hence, 
from genetic considerations one is justified in considering the genetic 
variation between these three groups as due to inherent differences 
between species. It follows that, if the differences between the totals 
of these three groups can be attributed to chance deviations, it can- 
not be concluded, so far as these collections and varieties are con- 
cerned, that there are any differences between species. 

The grouping on the basis of A, B, and C is as follows: 

Group A: I, Fragaria ovalis (37501); II, F, (Dorsett 37501); III, x F- 

ng (Dorsett). 


Group B: I, F. ovalis (861477); II, F; (Gem X 361477); III, x F. 
ananassa (Gem 


Group C: I, F. , (36979) ; II, F; (Fairfax « 36979); III, x F. ananassa 
(Fairfax). 

Again, each group, which hereafter will be designated as a strain, 
contains three variates. The totals for groups A, B, and C will show 
statistically significant differences only if there are genotypic dif- 
ferences between the variates of group I, group ITI, or both I and III. 
Hence, one is justified in attributing any differences between A, B, 
and C to differences between strains. 
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The measure of asynapsis used in these studies was (1) the number 
of pollen mother cells in 100 observations showing some univalent 
chromosomes during metaphase I, (2) the number of cells in 100 
observations showing at least 1 lagging chromosome during early 
telophase I, (3) the number of cells in 100 observations showing some 
chromosomes not on either equatorial plane during metaphase II, 
and (4) the number of cells in 100 observations showing some lagging 
chromosomes during early telophase I] in any member of the potential 
tetrads. Thus, 4 different phases of meiosis were studied. In 
addition, the previously mentioned 100 pollen mother cells in meta- 
phase I were examined to obtain some estimate of the frequency of 
occurrence of associations of more than 2 chromosomes during meiosis. 
Four plants of each variate were included in the studies, and 25 cells 
of each plant were examined. The 4 plants were from 4 different 
replicates. 

With the present limited knowledge of the morphology of the 
strawberry chromosomes, it is not possible to determine through 
cytological examination of the stages of division whether auto- 
syndesis, allosyndesis, or a combination of the two is occurring 
during meiosis. However, indirect but reliable evidence as to the 
type of conjugation that is occurring can be obtained by studying 
the means of certain characters of the parents and the hybrid 
populations. 

The young anthers were killed in a solution of 3 parts of absolute 
alcohol to 1 part of glacial acetic acid and stored in 70-percent alcohol. 
Belling’s (1) iron-acetocarmine method was employed in staining 
the material. 

At this time it should be noted that the plants of any particular 
collection may not be alike genetically. For example, collection 
37501 is composed of at least two strains, one of which has pistillate 
flowers while the other has perfect flowers. The strain possessing the 
perfect flowers was used in the cytological studies. 





ANALYSIS OF THE DATA 


Since the data were enumeration data, the method of analysis 
chosen was to partition x? into its components (see Fisher, 7) and 
calculate the heterogeneity x? when it seemed desirable. However, 
the formulas developed and used in calculating the different x?’s are 
not available elsewhere. Therefore, since they are of general appli- 
cation (particularly for enumeration data such as those obtained in 
germination studies), and since they materially simplify the calcu- 
lations, detailed illustrations of their application are given. 

The components of x? together with their corresponding degrees of 
freedom are as follows: 

Variation due to: Degrees | Variation due to—Continued. Degrees 
of freedom of freedom 

O_O EE aS aa ae eee Ot) ARUOPADUIOMR 228 ds 28 

(UNS SEE SRS em in a ae 2 Species X strains.._...____-_ 4 
INMRIR rc oO eee ee ek 2 Species X phases___.__._---- 6 
RN et een 3 Strains X phases_.________-- 6 
Species X strains X phases_-- HH 

oO 


The relation between these components and the division used in an 
analysis of variance is readily recognized. 





ber 
ent 
LOO 
rly 
me 
it 
ing 
tial 

In 
ta- 
of 
sis. 
ells 
ent 


the 
ugh 
ito- 
‘ing 
the 
ring 
rid 


lute 
hol. 
ling 


ular 
tion 
late 

the 


ysis 
a 
ver, 
; are 
ypli- 
d in 


leu- 
s of 


egrces 
reedom 


28 


Dec. 1, 1944 


Meiotic Studies of Fragaria Crosses 439 





The formula employed in obtaining x? for the main effects, inter- 
actions, and total is as follows: 


N S. Ny... 
¢-[(sS*)- se +34 (gyi St)- se | 
in which 


N= _ total number of items classified 
Nu=_ number of items classified for the lowest category of the table 
= number of items in any one category showing one or the 
other of the alternative phenomena 
number of items in any one category showing the other al- 
ternative phenomenon. 


The detailed calculations for anieining the total x? for the data given 

in table 1 are given in table 2 

TaBLE 1—Univalent and lagging chromosomes in 100 cells of collections of Fragaria 
ovalis, varieties of X F. ananassa, and their F; hybrids during meiosis 


DETAILED DATA NOT GROUPED 





Variate 


| 


| 


First division (I) 


| Second division (II) 





| 
Metaphase | Telophase | Metaphase 


Teclophase | 


Total 





Fragaria ovalis: 
37501 


F, hybrid: 
Dorsett X 37501 
Gem X 361477 
Fairfax X 36979 


Number Number Number 


Number | 


Number 
15 


14 
18 








47 





























5 | 








Specics group 


Sets ! involving— 





37501 and | 361477 and 
Dorsett Gem 


36979 and | 


Fairfax 





Fragaria ovalis 
F; hybrids_____- 
X F. ananasea.. 


10 | 


| 
5 14 | 
5 


18 | 
18 | 
6 | 








4) 
24 | 28 | 


42 | 





' Column symboi for column 3=a, for column 4=6, and for column 5=c. 


To complete the illustration of the method of partitioning total x 
into its components, the data grouped on the basis of one of = 
interactions need to be considered (see table 1). The calculations 
are given in table 2. The x? for the data based on species and strains 
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is 27.549. But this x’ for species and strains is composed of the x 
due to differences between species, the x’ due to differences between 
strains, and the x’ due to the interaction between species and strains. 
The x? values for species and strains, also given in table 2, are 12.868 
and 5.855. , Subtracting these two values from the x? value 27. 549 
gives the x’ (8.826) attributable to the interaction between species 
and strains. 


TABLE 2.—Details for calculating total and partitioned x?’s for data in table 1 





> 2 for species : : _ 
; 2 x A 2 5 4g 2 cS 
Formula Total x ‘and strains x? for species x? for strain: 





| 
| 
| 


3, 600 8, 600 
100 400 


94 94 
3, 506 3, £06 3, 506 
376 1, 262 r =. 3, 338 
9, 400 37, 600 112, 800 


3, 600 
1, 200 
94 


0. 382978723 
144. 000000 
£0. 000000 
. 026811181 


1. 340559 


51. 340559 


51. 341 


0. 095744681 
120. 829787 
26. 829787 
- 026811181 


- 719338 


27. 549125 
27. 549 


0. 031914894 
106. 531916 
12. 531916 
- 026811181 


- 335995 


12. 867911 
12. 868 


0. 031914894 
99. 702129 
5. 702129 
- 026811181 


- 152881 


5. 855010 
5. 855 

















Tables similar to the lower part of table 1 can be compiled for 
species and phases and for strains and phases. The methods of 
calculating the different x*’s for the two resulting tables are identical 
with those used in calculating the various x’’s for species and strains, 
and hence need not be given here. The x? for the second-order 
interaction (species strains X phases) may be obtained by subtracting 
the x’’s for main effects and the x’’s for the first- order interactions 
from the total x?, which, as previously calculated, is 51.341. All of 
these x’’s are listed under Experimental Results (see table 4). 

From table 2 and a probability table for x’, it can be seen that the 
odds are rather great against deviations as large as those noted 
between species occurring by chance. The same, to a lesser extent, 
is true of the differences between strains. This means that the inter- 
action x? (8.826) is not suitable for testing whether the deviations 
between the frequency distributions of table 1 for species in respect 
to strains can be attributed to chance (see Mather, 19). Hence, it 
is necessary to calculate a heterogeneity x’. 

The formula employed in calculating the heterogeneity x’? i sas 
follows: 

e=W+W" 
in which 
S2z/ 6? b,? 
+3) +55 Sr; +3) 
2, 


Sn? 


== setgit +o.+ ne 


T +% & 





811181 


881 
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W’ is obtained by substituting the values of y for those of « in table 
1 and solving the formula just given for W. For example, in sub- 
stituting y for 2, cell 7;, a, becomes 385 (400—15) instead of 15; re, de 
becomes 395 (400—5); etc. Explanations of other symbols follow: 


Sz=total number of the items showing one or 
the other of the alternative phenomena 
Sy=total number of the items showing the 
alternative phenomenon 
Sa, Sb, ..., Sz=total number of items in the designated 
column 
@,, 2, . . . , @2=number of items in the designated category 
of column a 
bi, bo, .. . , b,==number of items in the designated category 
of column } 
21, 22)... , 2,—==number of items in the designated category 
of the last column 
Sr,, Sra, ..., Sr,=total number of items in the designated row. 


From the above formula it will be noted that a,’, 6,°, ..., 2,° are 
divided by Sr;. Hence, machine calculation can be much simplified 
by expressing Sr, as a decimal fraction and locking the common multi- 
plier in the machine. The same is true for the other calculations 


involving Sr. The detailed calculations for the lower part of table 1 
follow: 


Sxz=94; Sa=24; Sh=28; Sc=42 


a? 6? c*\ 9 
S( §; )=6.513160; S( g;) =9.762806; s( §;)=20-693617 


Sx ae om é 
Sq 3-9 16667; Sh 3897148; Se 2288095 


W=10.599295; W’=0.230365; x2=10.829660 


In such problems as those illustrated in which the main effects differ 
materially, the heterogeneity x? is preferred to the interaction x? 
obtained by partitioning the total x’ into its components. However, 
in many problems it is not necessary to calculate the heterogeneity 
x’, which involves much more work. 


EXPERIMENTAL RESULTS 


It can be seen from table 1, without detailed statistical analysis, 
that meiosis is essentially normal as regards synapsis. This fact is 
readily appreciated when it is recalled that the figures in the individual! 
categories represent the number of cells among 100 examined that 
showed at least 1 univalent chromosome. Hence, asynapsis is not 
frequent enough to interfere materially with the obtaining of double 
crosses and advanced and backcross populations. It follows, then, 
that asynapsis is not a factor in breeding new varieties of strawberries 
by the hybridization method in which < Fragaria ananassa and F. 
ovalis are used as parents. 
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The occurrence of associations of more than two chromosomes to 
form multivalents during meiosis was so infrequent as not to merit 
tabulation. It may be concluded, therefore, that this phenomenon 
also presents no problem in breeding strawberries by the hybridization 
method in which X Fragaria ananassa and F. ovalis are used as the 
parents. 

The third major problem is that of determining the type of conjuga- 
tion occurring during meiosis of the F, hybrids. If autosyndesis is 
taking place during meiosis of the F; hybrids between X Fragaria 
ananassa and F. ovalis, then the * F. ananassa chromosomes are 
pairing with X F. ananassa chromosomes and the F. ovalis chromo- 
somes with F. ovalis chromosomes. By using the previously given 
symbols for the chromosome complements of * F. ananassa and F. 
ovalis, autosyndesis in the F, hybrids may be illustrated as follows: 


< F. ananassa: 
Acy,; Acro; Acv3; Acts 
Acv,; Act; Acv3; Acs 

F. ovalis: 
Ao,; Adz; Aos; Aog 
Ao;; Aoz; Ao3; Ao, 

F, hybrid: 
Acv,; Act2; Ao,; Adz 
Acv3; Acts; Ao3; Ad, 


From the above it is clear that, if autosyndesis is occurring, all of the 
F, populations would be composed of four complete sets of X F. 
ananassa chromosomes and four complete sets of F. ovalis chromo- 
somes. Hence, if X F. ananassa chromosomes do not conjugate with 
F. ovalis chromosomes, there is no opportunity for segregation of the 
genes differentiating the interspecific characters, that is, those genes 
differentiating the characters by which the species differ. 

Similarly, allosyndesis in an F; hybrid may be illustrated as follows: 


Acv,; Acv;Acv3; Acvs 
Ao;; Adz; Ao3; Ao, 


From this illustration it can be seen that the maximum opportunity for 
segregation of the genes differentiating the interspecific characters 
would occur during meiosis. 

One form of a combination of the two types of conjugation in an F, 
hybrid may be illustrated as follows: 


Acv,; Ao; Acv3; Acs 
Act2; Adz; Ao3; Ao, 


From this illustration it can be seen that in some cases X Fragaria 
ananassa chromosomes are paired with < F. ananassa chromosomes; 
in other cases they are paired with F. ovalis chromosomes. It follows 
that in some instances F. ovalis chromosomes are paired with F’. ovalis 
chromosomes; in others they are paired with X F. ananassa chromo- 
somes. Hence, the opportunity for segregation of the genes differen- 
tiating the interspecific characters is intermediate between those of 
autosyndesis and allosyndesis. 
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From these considerations it is evident that the type of pairing of 
the chromosomes (autosyndesis, allosyndesis, or a combination of 
the two) materially influences the segregation of the genes that dif- 
ferentiate the interspecific characters. The commonest method of 
chromosome pairing of polyploid organisms is allosyndesis. With 
this fact in mind, Wright (28, p. 45) has shown that— 


a random-bred stock derived from n inbred families will have Ain less superiority 


over its inbred ancestry than the first cross or a random-bred stock from which 
the inbred families might have been derived without selection. 
Kiesselbach (12), working with plants, reached a similar conclusion. 

Wright has developed formulas for use when the effects of the 
genes differentiating the characters under consideration are geo- 
metrically cumulative. For these formulas and their application, 
the reader is referred to Powers (22) and Powers and Lyon (23). 
These formulas as well as those based on the assumption that the 
effects of the genes are arithmetically cumulative assume that allo- 
syndesis is occurring during meiosis of the F, hybrid. Thus it is 
clear that, if the means of the interspecific characters can be pre- 
dicted by the use of Wright’s formulas, allosyndesis must be occur- 
ring during meiosis of the microsporocytes and the megasporocytes 
at least as regards the chromosomes containing the genes which 
differentiate the characters under consideration. On the other 
hand, if autosyndesis is the rule, segregation of the genes differ- 
entiating the interspecific characters would be materially limited 
and the means of the characters for the F, populations should closely 
approximate the means of the same characters for the F, populations. 

In making these tests the studies will be more conclusive if the 
magnitude of the effects of the genes differentiating the two species 
is quite large as regards the character under consideration and if 
the characters are based on absolute rather than observational measure- 
ments. The characters which meet these specifications are plant 
height measured in centimeters, number of days from May 1 to 
first bloom, and number of days from first bloom to first fruit ripe. 
Although based only on observational grades, the degree of winter 
injury was very marked and, therefore, this character also was 
included in the study. The degree of winter injury increases from 
grade 1 to grade 5. 

The data are presented in table 3. The theoretical means listed 
are those calculated on the assumption that the effects of the genes 
differentiating the respective characters are arithmetically cumu- 
lative. The fit between the theoretical means calculated on the 
assumption that the effects of the genes are geometrically cumulative 
and the obtained means (with the exception of the means for grades 
of winter injury) was definitely poorer than the fit between the means 
calculated on the assumption that the effects of the genes are arith- 
metically cumulative and the obtained means. Since such is the 
case, there would not be much point in listing the theoretical geometric 
means. In respect to winter injury the geometric mean for the back- 
cross to Fairfax fitted the obtained mean better than did the arith- 
metic mean, but for the F, population the reverse was true. 
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The means for winter injury and for days from May 1 to first bloom 
ranged from that of Fragaria ovalis asexually propagated to that of 
Fairfax asexually propagated or self-pollinated; for days from first 
bloom to first fruit ripe the means ranged from that of the progeny of 
Fairfax self-pollinated to that of the progeny of F. ovalis self-polli- 
nated. In plant height, for which the F, hybrid shows decided 
heterosis, the means ranged from that of the progeny obtained by 
self-pollinating F. ovalis to that of the F; hybrid. These data are in 
accord with what would be expected if siverndaens was occurring 
during meiosis of the F; hybrid. It will be recalled that in case auto- 
syndesis was the common mode of behavior the mean of the F, popula- 
tion would be expected to be similar in magnitude to that of the F, 
hybrid. As may be seen from the data in table 3, such definitely was 
not the case as regards winter injury, plant height, and days from 
May 1 to first bloom. As regards days from first bloom to first fruit 
ripe, a comparison of the means for the F; hybrid and the F, popula- 
tion does not indicate whether allosyndesis or autosyndesis is the rule. 
The reason for this is that the theoretical arithmetic mean based on 
allosyndesis is so close to that of the F, hybrid that any differences 
noted can logically be attributed to chance deviations. Probably the 
most convincing evidence that allosyndesis rather than autosyndesis 
or a combination of allosyndesis and autosyndesis is the rule during 
meiosis of the F, hybrid is that in 10 cases out of a possible 12 (see 
Tippett 27, p. 54) the differences between the obtained and theoretical 
means can logically be attributed to chance deviations. 

In summing up it may be said that the evidence, which is rather 
conclusive, is preponderantly in favor of allosyndesis as the type of 
conjugation that occurs during meiosis of the F; hybrids, and it ap- 
pears certain that any deviation from allosyndesis is not of sufficient 
importance to interfere materially with obtaining the objectives of a 
breeding program in which X Fragaria ananassa (variety Fairfax) 
and F. ovalis (collection 36979) are the parents. 

From the foregoing it can be seen that the major problems which 
the experiment was designed to answer have been solved. However, 
the data furnish additional information which, though of only minor 
importance to the breeding program at Cheyenne, may be of interest 
to other investigators working with the cytogenetics of Fragaria. 

The x? values for testing goodness of fit between the theoretical 
based on the supposition that there are no differences between species, 
between strains, or between phases, together with those x? values for 
testing whether the interactions are statistically significant, are given 
in table 4. From these data it seems probable that differences exist 
between species, between strains, and between phases. However, 
the differences between strains are not so well established statistically 
as the differences between species or between phases. The only 
interaction approaching statistical significance is that between species 
and strains. The heterogeneity x’ for this interaction is 10.830, 
which is highly significant. 

The meaning of these differences can best be found by examining 
the data in table 1. The differences between species there shown 
were due to the fact that failure of chromosome pairing was somewhat 
greater in the native Rocky Mountain strawberry than in the cul- 
tivated strawberry. The possible differences between strains were 
due to the fact that the failure of chromosome pairing was at least 
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partially dominant in the F, hybrid of Fairfax x 36979 and at least 
partially recessive in the F, hybrids of Dorsett < 37501 and Gem x 
361477. The differences between phases were due to the fact that 
the number of cells showing irregularities was greater ‘or the meta- 
phase of the first division than for the telophase of that division and 
either stage of the second division. The explanation for this may be 
the same as that found by Powers (2/) in similar studies with Triticum 
aestivum. 


TABLE 4.— x? values for the different components 





Source of variation a 





Interactions: 
Species X strains 
ne hae oe he Lea cutwomalicudens pembaneaman 














Environment is a factor that must be considered in evaluating the 
importance of the frequency of failure of chromosome pairing to a 
crop-improvement program. The investigations of Stow (26), 
Heilborn (9), Randolph (24), and Myers and Powers (20) definitely 
show that the differences in environment encountered under field 
conditions have diverse effects on synapsis. So it must be concluded 


that, even though asynapsis influences the breeding program very 
little under the environmental conditions existing at Cheyenne, Wyo., 
it may be of major importance under the environmental conditions of 
other locations. For this reason, selections made at Cheyenne from 
material resulting from crossing < Fragaria ananassa and F’, ovalis may 
fail when grown in other localities. 


SUMMARY 


Cytological data, taken from three cultivated varieties of strawberry 
(X Fee ananassa), three collections of the native Rocky Mountain 
strawberry (F. ovalis), and three F, interspecific hybrids involving 
these collections and varieties, are reported. 

New formulas for x? are given, and their application is illustrated. 
These formulas reduce the labor involved in calculating x? when the 
number of categories of the table used in the calculations is large. 

The breeding data show rather conclusively that meiotic instability 
is at most a minor problem under the environmental conditions pre- 
vailing at Cheyenne, Wyo. 

The segregation of the genes differentiating certain characters, as 
indicated by the means of these characters for different populations, 
furnishes rather convincing evidence that allosyndesis is the rule 
during meiosis of the F; hybrids. 

So far as meiotic irregularities and the method of pairing of the 
chromosomes are concerned, there does not seem to be any reason 
why the economically important characters of Fragaria ananassa 
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and F. ovalis cannot be recombined into a single variety adapted to 
production under the environmental conditions encountered at 
Cheyenne, Wyo. 
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